Abstract. Black Carbon (BC) emissions from India for the year 2011 is estimated to be 892.12± 151.53 Gg/yr based on a new ground-up, GIS-based inventory. The grid-based, spatially resolved emission inventory includes, in addition to conventional sources, emissions from kerosene lamps, forest fires, diesel-powered irrigation pumps and electricity generators at mobile towers. The emissions have been estimated at district level and were spatially distributed into grids at a resolution of 40x40 km2.
Introduction
Carbonaceous aerosols, defined as Black Carbon (BC) also known as Elemental Carbon (EC) and Organic carbon (OC) (Pachauri et al., 2013) , form a significant and highly variable component of atmospheric aerosols. Neither BC nor OC has a precise chemical definition. OC includes numerous organic compounds, some of which are found to be carcinogenic, such as Poly Aromatic Hydrocarbons (PAHs) (Menzie et al., 1992; Pedersen et al., 2005) . The Intergovernmental Panel on Climate for in many emission inventories have been included. Monthly variation of BC emissions has also been estimated to provide better input for air quality models. We employ a unique approach to quantify uncertainty in the emissions by considering variability in (i) activity data from various sources, and (ii) emission factors (EFs). Specifically, probabilistic distributions were assigned to both activity data and EFs. By employing Monte Carlo simulation, several activity level and EFs were generated to arrive at emissions (by multiplying generated activity data and EF) which could be interpreted in terms of a mean value and 5 associated uncertainty.
In Section 2 we present the methods used in our analysis, Section 3 describes the source sectors and activity data we considered, a description of the magnitude of emissions from each sector is presented in Section 4.
Methods
Our approach may be divided into two parts. Figure 1 presents the methodology for developing national emissions and their 10 uncertainty and Figure 2 presents the approach for extracting gridded emissions. For estimating national emissions, a thorough review of multiple national activity data and EFs for each source was conducted from available published and unpublished sources (Table 1 and Table 2 ).
We fit a probability distribution function (PDF) to both national activity data and EFs from a pool of distributions on the basis of Kolomogorov-Smirnov test (KS statistic) using Mathwave Technologies EasyFit© software (Mathwave Technologies, 15 2015) . Using the optimal probability distribution function (PDF) for both variables (EFs and activity data) for each source, we generated 1000 estimates of each variable from each of the two distributions. Further increasing the number of generations did not change the mean and the variance of the emissions.
For activity data that had only one source of information, a normal distribution with mean as the data point and standard deviation of 20% of the data point was assumed based on the experience of other data sets (Table 1) . Best fit distributions were 20 only determined from KS statistic if the number of data points exceeded 5, in other cases, a uniform distribution was assumed.
For preparing the gridded inventory, the emissions were first estimated within a Geographic Information System (GIS) using polygons at the district level. Polygons were subsequently dividing into 40 x 40 km 2 grid elements, and were proportionally assigned emissions based on area. The area for grid elements spanning a district border was accounted for. Emissions from Industry (point data) were added directly to the overlying grid based on available location coordinates for the source. For the 25 Road Transport (network) sector, the data from at the district level was distributed along the road network and then assigned to overlying grids proportionally to the length of road in the grid element. Interpolation of the data was not conducted, as this would lead to erroneous georeferencing of emissions, particularly in the case of point data. More details are found in the subsections below.
For the national level annual inventory, Monte Carlo simulations were undertaken to specifically estimate mean emissions 30 and uncertainties, whereas, at the district level the mean of the EFs and district level activity data were used to arrive at average emission levels. An image of the political map of India (Census of India, 2011) was georeferenced using Google Earth and 640 districts were digitized as polygons to generate a national level shape file. This shape file had an attribute table containing all the districts, and yearly emission quantities were recorded for each district. The shapefile and polygon data were resampled to a 40×40km 2 grid by calculating the area of each portion of the districts within a grid element, and attributing that portion of the emissions to the grid. As a grid cell may overlay over more than one district, the overall emission in each cell was calculated by summing up part of emissions from each contributing portion from the district, based on area of the district within the grid cell and emission density for the district:
Where n is the total number of districts within each grid cell, ρ is the Emission Density (g/sm 2 ) for each district and A is the Area of the district (m 2 ) within the grid. Emission density (mass/time-area) was calculated by dividing the BC emission in the district with the total area of the district.
Source Sectors and Activity Data
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The emissions sources considered in this study can be broadly categorized into five sectors: Open Burning, Industry, Transport, Domestic Fuel, and Others. In the following section we define the activity data and emission sources considered within each sector. All the emission sources identified by Reddy and Venkataraman (2002a, b) and Sonkar (2011) were included in this study. Also some of the highly emitting sources identified in the recent literature (Kerosene lamps, Diesel generators) were also considered. Table 1 and 2 provide an overview of activity data and EFs for the sources considered. 
Open Burning
The open burning sector includes: forest fire emissions, open solid waste burning, and agriculture residue burning.
Forest Fire
According to the 2013 Forest Survey of India (FSI), around 50% the forest area of India is prone to forest fires (FSI, 2013) .
There is a strong seasonality associated with forest fires in India with majority of fires occurring in the months from February 20 to July. The causes of forest fire in India are both man-made and natural; natural causes being the high temperature and low humidity. Man-made causes include accidental fires and forest burnt for shifting cultivation. The forest fire burnt area in this study was determined using MODIS (Moderate Resolution Imaging Spectroradiometer) monthly burnt area product MCD45A1 which has a resolution of 500m (Land Processes Distributed Active Archive Center (LP DAAC), 2000). MODIS product MCD12Q1 (500m resolution) was used to define forest cover. The burnt area and land cover products were retrieved 25 from LP DAAC website (https://lpdaac.usgs.gov/).
The methodology used for emission estimation is presented in Figure 3 . Burnt area (MCD45A1) and land cover product (MCD12Q1) are available in Hierarchical Data Format -Earth Observing System (HDF-EOS) format and have an Earth gridded tile area of 1200 km x 1200 km. They were stitched to cover the whole geographical extent of India. The stitched products were converted to GeoTIFF image format and clipped to Indian domain using the ESRI shape file of the boundary of India. The same methodology was used for the burnt area product as well as the vegetation cover. Monthly burned area GeoTIFF images were overlayed on land cover image to determine the monthly forest burnt area pixels, and subsequently the forest area burnt. Dry mass per unit area of forest burnt was taken to be 5.2 kg/m2 (Joshi, 1991) . Emissions were distributed district-wise according to the number of incidents of forest fire occurring in that district in 2011. The data of district-wise 5 incidents of forest fire were taken from the most recent forest survey (FSI, 2015) . Figure 4 shows the land cover image and burnt area image used for estimating the forest fire burnt area in January 2011. It can be noted that the emissions from this subsector can easily be updated for the future years using the latest MODIS burnt area and land cover products and following the aforementioned methodology.
Municipal Solid Waste Open Burning
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The dry weight content of Indian municipal solid waste (MSW) was estimated using the MSW composition in India (CPCB, 2007) and the dry matter content of MSW components per IPCC 2006 (2006 . Indian MSW is primarily composed of vegetables (40%), stones (42%) and grass (4%) which has a dry matter content of 40%, 100% and 40% respectively. Dry matter content was estimated to be 67.6%.
State-wise MSW generated and collected was derived from the Central Pollution Control Board (CPCB) Municipal Solid
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Waste Management Report 2012 (CPCB, 2012). The MSW generated was distributed among districts according to their urban population. For the states where MSW collected volume was not available, a value of 60% of the total MSW generated was assumed (Kumar, 2010) . The total MSW openly burned was taken to be 10% of the collected waste and 2% of the census population data were used to provide the urban population of the district. From this, the total MSW burned for each district was taken as the product of the IPCC guideline results and the urban population.
Agricultural Residue burning
India generates a large amount of agricultural residues (e.g. waste biomass) every year after harvesting crops. These residues are used as domestic and industrial fuel, fodder for animals, etc. but a large amount remains unutilized in the fields. The 25 quickest and easiest way for the farmers to manage this waste is to burn it. Figure 5 shows a flowchart for estimating emissions from crop residue burning.
The state-wise production of cotton, Jowar, Barley, Jute, Ragi, Rice, Maize, Bajra, Groundnut, Sugarcane, Wheat and Rapseed and Mustard in 2011 was taken from the Ministry of Agriculture, 2012 (www.apy.dacnet.nic.in). The crop production was distributed among districts of that state according to the net sown area (Ministry of Agriculture, 2011) in that district.
Emission from crop residue burning was calculated using the following equation as suggested by Jain (2014) .
where, ECRB is the Emissions from crop residue burning. The summation is done over the Districts, D and for each type of Crop, C. The emission is then calculated from the product of Crop production, (P ), residue to crop ratio, (Q), dry matter 5 fraction (R), the fraction burnt (S), the fraction actually oxidized, (T ), and finally the EF for BC. Three estimates of crop residue burnt (P · Q · R · S · T ) were obtained by varying Q, R, and S, while holding P , T constant for all the three estimates.
In the first estimate, residue to crop ratio(Q), dry matter fraction (R) and fraction burnt (S) was taken from Jain (2014). In the second estimate, residue to crop ratio and dry matter fraction was kept same and fraction burnt was taken as 0.25 for all the crops (IPCC 2006 (IPCC , 2006 . In the third estimate, residue to crop ratio and dry matter fraction was taken from Venkataraman 10 et al. (2006), and fraction burnt was kept as 0.25 (IPCC 2006 (IPCC , 2006 . This provided us with three estimates of the total crop residue burnt in the fields (Table 1) .
Industry
Industrial sector includes: brick industry, cement, steel plants, sugar mills and power plants. In general emissions and activity data for these sectors are derived from available published reports and scientific literature. We then use location information 15 from each of the facilities to develop district-wise emissions. For some sectors, the district-wise distribution is a function of population density if exact information regarding facility locations cannot be obtained directly. In order to construct the gridded inventory, industrial units were geolocated precisely using the provided GPS coordinates wherever available. In general, geolocated coordinate data is available for Iron & steel manufacturing, cement, and power production. However for the two largest sources, Brick Kilns and Sugar Mills, specific geolocation data is not available, adding a source of uncertainty to the 20 analysis.
Brick Industry
The Indian Brick industry has more than 100,000 brick kilns producing 250 billion bricks and consuming about 25 million tons of coal annually (Gupta and Narayan, 2010; Maithel et al., 2012) . Bricks in India are produced locally in small enterprises at rural scale (Rajarathnam et al., 2014) . It is a seasonal industry operating predominantly from months of October to June In India a majority of the bricks are produced from Fixed Chimney Bull's Trench Kiln (FCBTK) and clamps (Rajarathnam et al., 2014) . There are around 60,000 small scale clamp kilns in India. Located all over India -mostly near or in villages and using biomass, coal, and lignite as fuel (Rajarathnam et al., 2014) these represent an important source of BC emissions. No account of their location, production, fuel consumption and Emission factors have been published. For this study, emissions only from FCBTK's are used which account for 70% of the total bricks produced from India and use coal as the primary et al., 2014) . The state-wise brick production (in Kg) through these kilns was compiled from consultation with industry experts. It was distributed district-wise according to the population of the districts in the state. The quantity produced was assumed to be normally distributed with 50% standard deviation (Maithel et al., 2012) .
Cement Manufacturing
The plant-wise cement production in 2011 was taken from Cement Manufacturers Association, Govt. of India (CMA). India Cement being a transport-expensive product, plants are evenly distributed across India. Since the plant-wise coal consumption was not available, the national consumption by cement industry was taken from the same source. The fuel consumption was distributed district-wise according to their cement production in 2011. subsequently determined from the location of these plants.
Iron & Steel Production
Sugar Mills
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India ranks second globally in terms of sugar production. Significant BC emissions result from sugar mills due to the usage of bagasse as a fuel. Bagasse is the fibrous residue obtained from sugarcane juice extraction and consists of cellulose (50%), hemicellulose(25%) and lignin(25%) (Ezhumalai and Thangavelu, 2010; Abhilash and Singh, 2008) . India has a total of around 550 sugar mills which produced 26.3 million tons of sugar by crushing 361 million tons of sugarcane (Indian Sugar Mills Association (ISMA, 2012; DAC, 2013) . Specific geolocated data is not available at higher resolution than the district level.
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The majority of sugar mills are located in Indo-Gangetic Plains (IGP) and Maharashtra, and population density was used to distribute the emissions. The mill-wise sugarcane crushing capacity was taken from the Department of Food & Public Distribution (DFPD, 2011). The total sugarcane crushed was distributed among mills according to their crushing capacity. The bagasse generated was taken as 30% of the total sugarcane crushed (Pessoa Júnior et al., 1997).
3.2.5 Power Plants
The Indian Central Electricity Authority (CEA, 2012) reports the plant-wise fuel consumption for coal and diesel power plants in India. In 2011, India had a installed capacity of 112 GW of coal and 1.2 GW of diesel based thermal power plants. There are around 100 coal based and 14 diesel based major thermal power plants located across India with location data available from government reports. District-wise fuel consumption was estimated by the location of these plants using the data contained in 5 the report.
Transport
From the transportation sector emissions from road vehicles, railways, shipping, and aviation have been accounted for individually. For road vehicles, to prepare gridded data from district level emissions, road network data from OpenstreetMap ©.
(OpenStreetMap, 2016) was utilized. The data provides a high resolution road network in vector format. The district shapefile, 10 grid polygons and road network shapefile were resampled to a 40×40km 2 grid by calculating the total road length in each portion of the districts within a grid element, and attributing that portion of the emissions to the grid. For non-road vehicles, methodology as discussed in section 2 was used.
Road Vehicles
Road vehicles have been divided into seven categories: two wheelers, cars, light motor vehicles (LMV), light commercial 
Where EV is the total BC emissions from vehicles for a district (g/district/year), i is type of vehicle, N is the number of vehicles, AKT is the annual kilometer travelled for the vehicle type (km/year), and EF is the vehicle type emission factor (g/km).
Annual average distance traveled is difficult to quantify and is a source of uncertainty in the emissions. The annual distance traveled by various vehicle types was derived from seven different studies (Table 1) . This provided us with multiple estimates of total distance travelled by a vehicles type in a year. For some vehicle types only few BC EFs were available, to compensate for lack of information, EFs were derived from PM2.5 emission factors using BC/PM2.5 fraction given by Chow et al. (2011) .
Railways
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Railways in India are primarily powered by electricity and Diesel, the use of coal has decreased over the years and is negligible now. Annual report (2010-11) of Indian railways enumerates the consumption of diesel and coal (Ministry of Railways, 2012b).
The state-wise allocation of fuel consumed was performed according to the railway track length in the state (Ministry of Railways, 2012a) and finally district wise according to the population of the district.
Shipping
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The Ministry of Petroleum and Natural Gas (MoPNG) reports the total consumption of Fuel Oil (FO), High-speed Diesel
Oil (HSDO), and Light Diesel Oil (LDO) by the shipping subsector in 2011 (MoPNG, 2014) . According to IPCC guidelines (IPCC 2006 (IPCC , 2006 ) the fuel used in international bunkers is not counted in the national emission inventory and their estimate is recorded separately. The proportion of shipping fuel used domestically was assumed from the European Environment Agency (EEA, 2013) . Due to the non-availability of a spatial proxy, the emissions from ships have not been distributed district-wise 15 and have only been accounted for in the national emissions.
Aviation
The total Aviation Turbine Fuel (ATF) consumption in India was taken from MoPNG (2014). Domestic operations accounts for 38% of the total fuel consumption (ICAO, 2010). Domestic fuel consumption was divided into that used for Landing and Take off from the airports in that district. The cruise emission was not distributed and was only counted in national emissions.
Domestic Fuel
The Domestic Fuel sector includes: emissions from firewood, agricultural residue, coal, liquid petroleum gas (LPG), kerosene
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(cooking and lighting) and dung cake.
India faces a crucial challenge of providing clean and affordable energy sources to its rural households, especially in the cooking sector. Eighty-five percent of the rural households are still dependent upon traditional biomass fuel for their cooking needs (MoSPI, 2014) . Figure 6 shows the distribution of rural households on the basis of energy source used for cooking (MoSPI, 2014) .
The stoves used for cooking are inefficient causing incomplete combustion hence releasing more BC than would result from efficient combustion. In the year 2000, domestic fuels contributed 64% to the total BC emissions in Asia (Streets, 2003) .
State-wise per capita consumption (rural and urban) of firewood, LPG, coal was taken from National Sample Survey (MoSPI, 2014) which releases a report of household consumption of various commodities using a large sample of households every 5 years. Apart from this, Yevich (2003) report the state-wise total consumption of firewood, agriculture residue and dung cake 5 in 1985. We extrapolated the fuel consumption data to 2011 by using the growth rate of rural population from 1985-1991 and change in number of households using these fuels for cooking from 1991 to 2011. Smith et al. (2000) also report the state-wise consumption of firewood, dung cake and agricultural residue in 1991. We extrapolated the data to 2011 using the change in number of households using these fuels for cooking from 1991 to 2011. Using data from MoSPI (2014), Yevich (2003) , and Smith et al. (2000) , three estimates of domestic fuels consumed in 2011 were prepared and used within the uncertainty analysis. 
Other
Others sector incorporates emissions from use of diesel in power generation for mobile towers and irrigation pumps.
Mobile Towers
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In 2011 India had more than half a million cell towers (Press Information Bureau, 2011) . Most of these towers are located in villages where grid-connected electricity is not available. They use small generators fueled by diesel for their power needs.
The total diesel consumption by cell towers was taken from MoPNG (2013). The fuel consumed was distributed state-wise according to the number of mobile towers in that state. It was then distributed district-wise according to the population of the district. 
Irrigation Pumps
Agriculture is a core economic activity of India with about 60% of the population involved in the activity. In 2011 India used around 2.4 billion liters of diesel for irrigation pumps (MoPNG, 2013) . The use of dug wells and tube wells is very common for irrigation purposes in India. Diesel generators are used to pump water up from mini irrigation schemes. The diesel consumed was distributed district-wise according to the net sown area in that district (Ministry of Agriculture, 2011).
30
10 Tables 1 and 2 The spatial distribution of national emissions is presented in Figure 8 . From the map it can be easily concluded the IGP As discussed in Section 2, best fit probabilistic distributions were obtained for EF and activity data (for each source) using the KS statistic. A sample of 1000 numbers were generated from each of the two distributions (EF and activity data), the product of which provides over one million emission points. Mean and standard deviation was determined for each source 25 using the obtained emission points. The emission points were added up for all the sources to get overall national thousand emission points and subsequently the national mean emission and standard deviation. A best fit probabilistic distribution curve was obtained for the national emission points on the basis of KS statistic. The probabilistic distribution for overall national emissions was found to be General extreme value distribution with KS statistics of 0.01 ( Figure 9 ). Figure 10 presents the sector-wise optimally fit distributions for the BC emissions. 
Open Burning
The national level emissions from this sector contribute 12% (103 Gg) to the total emissions. Burning of crop residue has been the major contributor (62%) followed by forest fires (36% and burn agriculture in this region as well.
Industry
National level industry sector emissions account for 22% (198 Gg) of the total emissions. In this sector, brick and sugar production contribute the maximum emissions (37% each), followed by steel production (11%), cement (8%) and power plants (7%) (Figure 7 ). Spatially distributed emissions from the Industry sector are presented in Figure 8 . The hotspots of industrial is the lack of specific geolocated coordinate data for the two largest emission sources, brick and sugar.
Transport
Transportation sector emissions account for 17% (154 Gg) of the national BC emissions in 2011. In the transport sector trucks have been found to be most emitting (24%) followed by tractor & trailers (15%). Emissions from bus, car, LCV, LMV and two wheelers contributed 12%, 10%, 13%, 11% and 13% to national transport sector BC emissions respectively. Railways 
Domestic Fuel
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Domestic fuels account for almost half of the national BC emissions (48%, 425 Gg). Within the sector, firewood contributes most significantly, (42%), followed by kerosene lamps (26%). Agricultural residue, dung cake, and coal used for cooking contributed 17%, 13% and 2% respectively (Figure 7 ). Figure 8 shows the spatially distributed emissions of Domestic Fuel usage. Here also, the majority of emissions arise from the IGP due to the high population density in this area. Also the poverty levels are high in this region, so a larger proportion of the population tends to use, cheaper, biofuels for cooking. The biofuel 30 used in hand made stoves has low combustion temperatures leading to inefficient combustion process and consequently the domestic fuel sector has higher BC emissions. Also these are uncontrolled emission sources. Kerosene lamps (109 Gg) are the second highest emitting source as a result of the very high EF of kerosene lamps. While the emissions from kerosene lamps is more than the entire open burning sector combined, studies must be conducted to evaluate the potential impact and transport of this source of BC. It likely has extremely significant health impacts due to the emissions being contained within homes, but the climate impact is likely as large as for Open Burning. 
Other
Emissions from this category account for slightly more than 1% (11 Gg) of the national BC emissions. Within this category emissions from use of diesel in irrigation pumps contribute 7 Gg and its use in generating electricity for mobile towers contribute 4 Gg. Figure 11 shows the mean and standard deviations based on best fit probabilistic distributions of emissions from the major sectors. Based on the Monte-Carlo simulations using the multiple emissions estimates and available information on uncertainty, the Probability Distribution Functions (PDF) for each of the sectors is calculated as shown in Figure 10 The EFs and activity data for the sources in domestic fuel sector show a large variation leading to high uncertainty in the BC emissions as there is no accurate database of the population using cook stoves, quantity of fuel consumed, and their efficiency.
Uncertainty Analysis
Comparison with prior estimates
Emissions in this study have been determined using Monte-Carlo simulation of multiple activity data and emission factors.
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As previous studies have used point estimates for these highly uncertain quantities, the results are bound to differ. Figure 12 presents the comparison of the results of this study (Table 3) estimate, for all sectors prior emission estimates are within one or two standard deviations from our mean emission estimate.
Seasonality of Emissions
There is a strong seasonality associated with BC emissions in India. Crop residue burning, forest fires, brick and sugar industry distributed among the months of April, May, October and November. For all the other sources, emission rates are assumed to be uniform throughout the year. Using this data monthly variation of BC emissions has been estimated and is shown in Figure   13 .
The emissions in April are highest due to the burning of crop residues. Despite the absence of crop residue burning, emissions in March are also high because of the emissions from forest fires. As we have shown a considerably amount of the emissions to 20 come from the IGP in close proximity to the Himalaya, this causes further concern to the potential cryospheric impact of these aerosols as they are strongest during the period when the seasonal snow melt period is beginning and could be incorporated into the snow pack.
Conclusions
A spatially resolved Black Carbon (BC) emission inventory for 2011 has been developed considering major sectors with firewood burning, agricultural residue, coal, liquid petroleum gas, kerosene (cooking and lighting) and dung cake; and v) Other,
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including: use of diesel in power generation for mobile towers and irrigation pumps.
This is a first-of-kind comprehensive study which included sources such as kerosene lamps and forest fires that were not part of earlier emission inventories. Furthermore, for each sector, source uncertainties in emissions have been estimated based on variability in available activity data and emission factors. Lastly, and significantly, we provide our estimate of emissions at monthly temporal resolution on a spatially distributed 40 x 40 km. grid.
The national BC emissions for India in 2011 are estimated to be 892 ± 151 Gg/yr with domestic fuels contributing maximum The results of the study could be used to assess the contribution of different sources to national and regional emissions.
The spatial resolution of the inventory should be useful for modelling the Black Carbon processes in atmosphere through air quality models. Monthly gridded emission datasets can also be prepared for finer temporal resolution input. To improve the future BC emission estimates, local emission factors and activity data should be improved, especially for domestic fuels and brick industry. Emission inventory can be improved nationally, regionally and temporally by comparing the modeled emission
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estimates (providing the inventory as input to air quality models) with the observed data. 29 Figure 13 . Timeseries of monthly emissions for India, 2011. Note the strong seaonality of the Open burning and Industry sector. In the latter case, the seasonality results predominately from the sugar cane production. Ramachandra et al. (2015) 19 Guttikunda and Calori (2013) 20 Mittal and Sharma (2003) 21 Ramachandra and Shwetmala (2009) 22 Sindhwani and Goyal (2014) 23 24 Ministry of Railways (2012b) 25 MoPNG (2013) 
